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Background: The aim of this study was to evaluate the accuracy of three-dimensional (3D) printed 
liver models developed by a cost-effective approach for establishing validity of using these models in a 
clinical setting.
Methods: Fifteen patients undergoing laparoscopic liver resection in a single surgical department were 
included. Patient-specific, 1-1 scale 3D printed liver models including the liver, tumor, and vasculature were 
created from contrast-enhanced computed tomography (CT) images using a cost-effective approach. The 3D 
models were subsequently CT scanned, 3D image post-processing was performed, and these 3D computer 
models (MCT) were compared to the original 3D models created from the original patient images (PCT). 
3D computer models of each type were co-registered using a point set registration method. 3D volume 
measurements of the liver and lesions were calculated and compared for each set. In addition, Hausdorff 
distances were calculated and surface quality was compared by generated heatmaps.
Results: The median liver volume in MCT was 1,281.84 [interquartile range (IQR) =296.86] cm3, and 
1,448.03 (IQR =413.23) cm3 in PCT. Analysis of differences between surfaces showed that the median value 
of mean Hausdorff distances for liver parenchyma was 1.92 mm. Bland-Altman plots revealed no significant 
bias in liver volume and diameters of hepatic veins and tumor location. Median errors of all measured vessel 
diameters were smaller than CT slice height. There was a slight trend towards undersizing anatomical 
structures, although those errors are most likely due to source imaging. 
Conclusions: We have confirmed the accuracy of 3D printed liver models created by using the low-cost 
method. 3D models are useful tools for pre-operative planning and intra-operative guidance. Future research 
in this field should continue to move towards clinical trials for assessment of the impact of these models on 
pre-surgical planning decisions and perioperative outcomes.
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Introduction
Visualization techniques in liver surgery have always been 
a crucial part of preoperative planning as hepatic resections 
remain to be challenging due to complex anatomy with 
many variations. Standard slice-by-slice analysis of 
computed tomography (CT), magnetic resonance imaging 
and positron emission tomography are important for 
all surgeons, but these methods have limitations which 
can be overcome with novel advancements in imaging, 
specifically computer-assisted three-dimensional (3D) image 
processing. Most commonly, 3D preoperative analysis and 
intraoperative guidance is performed with volume rendering 
techniques, however these do not provide sufficient image 
clarity of internal structures, especially for soft tissue 
structures which appear as similar gray-scale intensities (1). 
To address this limitation, 3D methods based on image 
segmentation and surface mesh generation, including 3D 
printing, virtual reality, and augmented reality, are becoming 
promising for pre-surgical planning as they allow the surgeon 
to better visualize pertinent surgical anatomy (2). 
3D printing allows for easy and comprehensive 
assessment of 3D anatomical topography. There is a 
number of evidences on the feasibility of 3D printing 
for pre-surgical planning (3-8). In addition, the utility of 
3D printing continuously grows across various surgical 
disciplines, making it not only a fad but also a legitimate 
part of treatment process that can impact perioperative 
outcomes including operative resection, blood loss, better 
decision making or intraoperative adverse events (9-11). 
Currently, 3D printing tends to be expensive, but potential 
use can become more widespread with emerging cost-
effective 3D printing solutions. 
Although there has been a recent review article on 
methods that can be utilized to verify the accuracy of 3D 
printed models (12), and some small studies have reported 
on the accuracy of 3D printed anatomical models (13,14), 
the field still is missing detailed analyses on accuracy of 3D 
printed models. This is particularly noticeable in regards 
to liver procedures that require complex, multi-material 
models, and there are no studies that would evaluate them 
thoroughly (15,16).
Studies verifying the accuracy of 3D printed anatomical 
models serve as a necessary bridge to link the feasibility or 
proof-of-concept of the studies increasingly available in the 
literature with the trials evaluating major clinical endpoints. 
The purpose of this study was to evaluate the accuracy of 
3D printed liver models developed with a cost-effective 
approach in order to establish validity of using these models 
in a clinical setting.
Methods
Fifteen patients undergoing laparoscopic liver resection 
in a single surgical department were included in this 
study, which was approved by local bioethics committee 
at Jagiellonian University Medical College. 3D printed 
personalized liver models that include the liver, tumor, 
and associated vasculature were created using a previously 
described unique cost-effective approach (16). The 3D 
printed liver models were developed prospectively, based on 
15 CT examinations performed in agreement with hospital 
protocols, prior to the surgical procedure.
Image acquisition
All CT imaging was performed using a GE Optima CT660 
scanner (GE Medical Systems, Milwaukee, WI, USA) and 
protocol parameters of 120 kV, table feed per rotation about 
39.375 mm, total collimation width 40 mm. 
Patient imaging
All patients underwent contrast-enhanced abdominal 
CT (PCT) images in the portal venous phases with slice 
thickness ranging from 1.25 to 2.5 mm.
Imaging of 3D printed models
3D printed models were CT scanned (MCT) with parameters 
described above and slice thickness of 1.25 mm (Figures 1,2). 
Image segmentation and registration
Both PCT and MCT images were segmented in a 3D 
Slicer (version 4.8.1) open-source software in order to 
generate digital mesh-based models of liver anatomy 
including the liver parenchyma, tumors, portal and 
hepatic veins (17). While the PCT segmentation is 
necessary for 3D printing, image segmentation was 
also performed on MCT for further comparisons of 
mesh accuracy. Semi-automatic algorithms including 
thresholding and seed growing were used and regions of 
interests were created to refine manually by Jan Witowski 
with Anna Grochowska supervision (radiologist with 
15 years of experience in liver imaging) (Figure 3).
Surface rendering algorithms were used to create 3D 
triangular meshes from segmentations regions of interests. 
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These meshes could be compared between each other after 
alignment. Point set registration of liver parenchyma was 
performed in Meshlab (v.2016.12), an open-source mesh 
processing tool (18).
Landmark measurements
In order to measure the accuracy of models, we conducted 
2D landmark measurements on both axial MCT and PCT 
images (Figure 4):
(I) PVD: portal vein diameter measured 1 cm before 
bifurcation;
(II) RHD: right hepatic vein diameter measured 1 cm 
from inferior vena cava (IVC) edge;
(III) MHD: middle hepatic vein diameter measured 
1 cm from IVC edge;
(IV) LHD: left hepatic vein diameter measured 1 cm 
from IVC edge;
(V) TD: distance from tumor center (at its widest 
diameter) to IVC center, on same slice;
(VI) EDGE: shortest distance from tumor center (at its 
widest diameter) to liver edge. This measurement is 
not performed if tumor emerges on the surface of liver.
Comparing volumes and surfaces
We performed volumetric analysis of liver parenchyma 
and tumor segmentation masks to assess their volumes 
and computed relative errors between PCT and MCT. In 
addition, to evaluate the quality of the 3D printed models 
surface-wise, we used the Hausdorff distance to compute 
errors between meshes of PCT and MCT rendered 
surfaces. Meshes were aligned through point registration, as 
PCT
MCT
Figure 1 Comparison of CT imaging quality between PCT and 
MCT. Liver position in both images is approximated by using 
point registration. CT, computed tomography; PCT, patient CT; 
MCT, model CT.
Figure 2 Computed tomography of 3D printed liver models. 
(A) Axial, sagittal and coronal views of liver model. Silicone 
parenchyma has higher attenuation than plastic elements (tumor, 
vessels); (B) inferior, left and anterior volume rendering views of 
3D printed model.
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Figure 3 Overview of segmentation process: based on patient 
CT images, region of interest masks are generated which allow to 
perform volumetric analysis as well as export them as 3D models. 
CT, computed tomography; VR, volume rendering (anterior view); 
SR, surface rendering.
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described above. Heat maps of distances were generated for 
visual inspection to help better understand which areas of 
printed models were most problematic and inaccurate. 
Statistical analysis
Bland-Altman plots with 95% confidence intervals and 
1.96 standard deviation limits of agreement and Pearson’s 
correlation coefficient were used to report mean difference 
between patient CT and model CT in terms of 3D (liver 
and tumor volume) and 2D measurements. P<0.05 was 
considered to denote statistical significance. For statistical 
analyses we used R 3.5.0 software. 
Results
Volumes and surfaces
Liver volumes [median (interquartile range)] were 1,281.84 
(296.86) cm3 for MCT and 1,448.03 (413.23) cm3 for 
PCT (Table 1). Although there was a trend towards lower 
volumes in MCT, after analysis of Bland-Altman plots the 
bias was not statistically significant (Figure 5). There are no 
established maximum acceptable differences in terms of these 
measurements, but we believe that our results (95% CI of 
mean differences in liver volumes: −273.80 to 7.97 cm3) would 
not cause problems in clinical use. In 3D printed models where 
silicone casting was successful, relative error in parenchyma 
volume does not exceed 10% and mean Hausdorff distance for 
liver surface is under 5 mm. We investigated two cases where 
those errors were significant. Case 8 had significant relative 
error of −40.1% due to problems with silicone leakage during 
casting, similar issues were encountered with case 1. Those 
results are confirmed with surface analysis that revealed larger 
Hausdorff distance values in those models, and heatmaps show 
missing areas (Figure 6).
Tumor volume measurements and Bland-Altman plot 
analysis revealed statistically significant undersizing of 
lesions in MCT (Figure 5B; 95% CI of mean differences: 
−7.14 to −0.95 cm3), however its clinical significance can be 
a subject of discussion. 
Accuracy of internal anatomy
All length and diameter measurements are presented in 
Table 2. Median errors between PCT and MCT were: 
−0.15, −0.04, 0.05, −0.07, 0.09 and −0.2 cm for PVD, RHD, 
MHD, LHD, TD and EDGE measurements, respectively. 
Nine models had lesions protruding onto the liver surface, 
which made it impossible to calculate EDGE values.
Bland-Altman plots revealed there was no statistically 
significant bias in all 2D measurements (Figure 5C,D,E,F,G,H) 
with the exception of PVD, where the bias was −0.18 (95% 
CI: −0.30 to −0.05) cm. Taking into consideration slice 
height of 0.125 to 0.25 cm, this error doesn’t show flaws in 
methodology, but rather bias due to the source imaging.
Median [median (interquartile range)] errors for 2D 
measurements between PCT and MCT were: −0.15 (0.17) 
cm for PVD, −0.04 (0.25) cm for RHD, 0.05 (0.22) cm for 
MHD, 0.07 (0.225) cm for LHD, 0.09 (0.54) cm for TD 
and 0.2 (0.685) cm for EDGE.
Discussion
In this study, we evaluated the accuracy of 15 3D printed 
liver models created with a novel, cost-effective 3D printing 
technique by performing a set of 2D and 3D measurements 
on CT images, which confirm the precision of discussed 
Figure 4 Schematic representation of 2D landmark measurements 
performed on axial CT images. PVD, MHD, LHD and EDGE 
measurements are shown on example of PCT images, while TD 
and RHD on example of MCT images. PVD, portal vein diameter; 
MHD, middle hepatic vein diameter; LHD, left hepatic vein 
diameter; TD, distance from tumor to IVC; EDGE, distance 
from tumor to liver edge; RHD, right hepatic vein diameter; CT, 
computed tomography; PCT, patient CT; MCT, model CT.
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Table 1 Surface and volumes comparison using means of Hausdorff distances and volumetry, respectively
Case #
Liver parenchyma Tumor
Hausdorff distance (mm) Volume (cm3) Volume (cm3)
Max Mean PCT MCT Error PCT MCT Error
1 48.608 5.393 1,512.27 1,371.07 −141.20 0.78 1.85 1.07
2 14.465 3.859 1,448.03 1,265.00 −183.03 117.47 116.08 −1.39
3 22.563 2.917 1,412.60 1,261.1 −151.50 14.36 15.03 0.67
4 26.593 2.693 1,486.62 1,446.7 −39.92 188.25 182.04 −6.21
5 14.839 1.709 1,275.38 1,281.84 6.46 6.44 4.24 −2.20
6 12.592 1.656 1,799.97 1,844.01 44.04 172.55 156.57 −15.98
7 8.695 1.293 941.03 902.46 −38.57 13.60 10.25 −3.35
8 45.869 6.447 2,541.42 1,521.24 −1,020.18 4.245 4.239 −0.01
9 15.291 1.920 1,608.28 1,510.41 −97.87 12.11 11.59 −0.52
10 19.049 2.155 1,229.12 1,201.01 −28.11 42.98 40.99 −1.99
11 19.538 1.603 1,874.00 1,746.22 −127.78 0.79 0.18 −0.61
12 7.144 0.521 953.36 941.15 −12.21 22.23 15.16 −7.07
13 18.811 2.515 1,385.68 1,236.93 −148.75 130.63 113.95 −16.68
14 21.879 0.865 1,722.68 1,708.22 −14.46 2.45 2.04 −0.41
15 12.061 0.974 1,198.94 1,148.27 −50.67 15.92 9.93 −5.99
Median 18.811 1.920 1,488.03 1,281.84 −50.67 14.36 11.59 −1.99
In livers with multiple tumors, mean values were reported. PCT, patient computed tomography; MCT, model computed tomography.
approach.
Currently, there are approximately 20 publications that 
describe the use of 3D printing in planning or navigating 
liver surgery, as described in review studies (15,19). 
However, only few of them attempted to assess quantitative 
accuracy of the models and done it with very limited 
number of cases (20,21). In the very first publication in the 
field, Zein et al. in a simple way assessed accuracy of three 
3D printed liver models by comparing liver volumes by 
means of liquid displacement and compared to patients’ CT 
volumetry and intraoperatively diameters of portal vein, right 
and left hepatic veins (20). Their mean error for vascular 
diameters was less than 1.3 mm. Zein et al. also measured 
entire models’ diameters, revealing mean error of less than 
4 mm. In our study, median error was less than 1 mm for all 
hepatic veins and −1.5 mm for portal vein diameter. 
Additionally, we believe that Zein et al. approach to 
assessing accuracy is not ideal and thus we decided to utilize 
modern, highly suitable methods including measuring 
landmarks and calculating Hausdorff distances. We also 
overcame the limitation of small number of subjects by 
analyzing fifteen 3D models, making it one of the largest 
studies in the field. Bücking et al., printing a single liver 
model, revealed 1.3% mean percentage error for total 
height, width and depth, but—as already mentioned—
we find this methodology not acceptable (21). Perica et al. 
measured five anatomical landmarks for a single model and 
compared them with original CT data (22). Authors of this 
study also agreed that models are accurate, but—along with 
other papers—had multiple limitations, including: small 
number of measurements, few subjects, scaled liver models. 
Although our study shows that the analyzed 3D printing 
technique is by definition accurate, it requires good 
execution as it is not only time consuming but has many 
problematic spots, which may be its major limitation to be 
implemented in different institutions. The whole process 
can take several days and requires extensive postprocessing, 
including silicone casting, which is the lengthiest and 
most problematic stage. In our series, this caused most 
problems in developing 3D models, which resulted in 
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Figure 5 Bland-Altman plot representing mean systemic difference of all measured parameters between patient CT and model CT. 95% 
confidence intervals and 1.96 standard deviation limits of agreement were used.
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major differences of some of the models, such as absolute 
difference of over 1,000 cm3 in liver parenchyma volume 
(case number 8) and model shape.
There is no doubt that the most important part of the 3D 
models, the 3D anatomy of internal structures and distances 
between vessels and tumors, are accurate. It may be 
Table 2 All 2D measurements
Case #
PVD RHD MHD LHD TD EDGE
PCT MCT Δ PCT MCT Δ PCT MCT Δ PCT MCT Δ PCT MCT Δ PCT MCT Δ
1 1.04 0.89 −0.15 1.33 0.96 −0.37 0.79 0.59 −0.20 0.60 0.77 0.17 10.63 10.92 0.29 1.40 0.45 0.95
2 1.50 1.22 −0.28 1.05 1.20 0.15 0.81 1.06 0.25 1.11 1.08 −0.03 5.31 4.97 −0.34 –* –* –*
3 1.34 1.30 −0.04 1.39 1.31 −0.08 0.79 0.67 −0.12 0.93 0.86 −0.07 4.27 3.48 −0.79 1.36 1.31 0.05
4 1.03 1.09 0.06 0.75 0.83 0.08 0.64 1.03 0.39 0.62 0.82 0.20 7.02 5.82 −1.20 –* –* –*
5 1.54 0.94 −0.60 1.12 0.85 −0.27 0.80 1.11 0.31 1.27 0.75 −0.52 6.44 7.46 1.02 –* –* –*
6 1.39 1.32 −0.07 0.54 0.57 0.03 0.50 0.56 0.06 0.86 0.31 −0.55 4.89 5.49 0.60 –* –* –*
7 0.99 0.88 −0.11 0.83 0.66 −0.17 0.56 0.66 0.1 0.51 0.51 0.00 5.56 5.12 −0.44 –* –* –*
8 1.73 1.70 −0.03 0.94 0.95 0.01 1.06 1.01 −0.05 1.22 1.11 −0.11 6.49 6.28 −0.21 1.26 0.00 1.26
9 1.21 1.16 −0.05 0.99 0.95 −0.04 0.78 0.85 0.07 1.00 0.91 −0.09 7.01 6.78 −0.23 –* –* –*
10 1.19 1.01 −0.18 1.06 0.86 −0.2 0.70 0.65 −0.05 0.82 0.95 0.13 5.29 5.44 0.15 2.10 1.92 0.18
11 1.36 0.66 −0.70 1.14 1.10 −0.04 0.76 1.00 0.24 1.07 0.92 −0.15 8.81 10.5 1.69 0.21 0.18 0.03
12 0.91 0.76 −0.15 1.12 0.92 −0.2 0.64 0.40 −0.24 1.03 0.89 −0.14 9.37 9.12 −0.25 –* –* –*
13 0.93 1.03 0.10 1.27 1.49 0.22 0.82 0.87 0.05 0.79 1.05 0.26 6.97 7.06 0.09 –* –* –*
14 1.43 1.22 −0.21 1.12 1.25 0.13 0.79 0.83 0.04 0.54 0.57 0.03 6.78 6.98 0.20 –* –* –*
15 1.13 0.91 −0.22 0.96 0.80 −0.16 0.48 0.48 0.00 0.83 0.59 −0.24 9.18 9.36 0.18 0.33 0.11 0.22
Median 1.21 1.03 −0.15 1.06 0.95 −0.04 0.78 0.83 0.05 0.86 0.86 0.07 6.78 6.78 0.09 1.31 0.32 0.20
Values are expressed in cm. Δ, error (MCT value minus PCT value); *, all lesions were protruding onto liver surface. In liver models with 
multiple tumors, TD and EDGE are presented as mean values. PVD, portal vein diameter; RHD, right hepatic vein diameter; MHD, middle 
hepatic vein diameter; LHD, left hepatic vein diameter; TD, distance from tumor to IVC; EDGE, distance from tumor to liver edge.
Figure 6 Hausdorff distance heatmaps presenting problematic areas. Warmer colors mean greater differences between surfaces. (A) Visual 
inspection confirms that most models were accurate with mean Hausdorff distance value lower than slice height; (B) still, a few models had 
issues with incomplete silicone filling, which is most prominent in case number 8, resulting in an increase of mean errors. (C) maximum 
Hausdorff distance values are additionally potentially overestimated in several models due to discrepancies in registration of inferior vena 
cava area. 
(Model #13) (Model #8) (Model #11)A B C
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considered that even printing those structures themselves, 
without liver parenchyma, could be clinically sufficient. 
We do not believe that the above issues should restrain 
this technique from being utilized clinically. It is important 
to keep in mind that our approach significantly reduces 
costs from even $4,000 and extremely expensive hardware—
such as $200,000 PolyJet printers—to as little as $100 
per model (16,20,23,24). Results from our study are also 
not only applicable to our method exclusively, since 3D 
printers themselves have been proven to create models of 
micron-scale accuracy (25-27). When high-grade printers 
with proven accuracy (generally higher than our imaging 
resolution) are available to an institution, in our view, it 
is safe to assume that 3D printed models will be accurate, 
granted they are prepared with proper image segmentation 
and pre-processing. 
As a whole, the medical 3D printing field is moving 
towards stage of long-term studies, we should consider 
this study conclusive in terms of 3D printed liver models’ 
accuracy. However, each institution should validate 
their own 3D printing methods, including acquisition, 
segmentation, post-processing and printing, not to prove that 
3D printing is feasible and accurate in general, but rather 
to make sure their own workflow is flawless. After years of 
feasibility, pilot, and proof-of-concept studies it is time for 
clinical trials. According to IDEAL framework (framework 
describing the stages of innovation in surgery), we are 
leaving development and exploration phases and starting the 
assessment and long-term studies (28,29). It can be expected 
that by 2020–2022 a number of studies will discuss clinical 
utility and impact on perioperative outcomes (30).
There are several limitations that need to be mentioned. 
Firstly, there is no standardized approach to verify accuracy 
of 3D printed models. We have chosen in our opinion most 
reasonable tools and statistical methods to do an extensive 
analysis; however, those are not all available techniques. 
Secondly, there is no standardized acceptable measure of 
error, especially taking into consideration the clinical usage. 
Bland-Altman plots in our study showed that nearly all 
measurements were without significant bias, but even that 
doesn’t say much for clinicians. In our opinion, we should 
always refer to source imaging and clinical situation. We 
also consider the type of imaging and slice height as two 
main limitations of models’ accuracy, assuming the workflow 
and hardware is faultless. In our study we only analyzed 
models developed based on CT scans acquired on a single 
CT scanner. Clinical MRI scans usually have inferior spatial 
resolution which needs to be taken into consideration.
Conclusions
Our cost-effective method of developing patient-specific 
3D printed liver models is accurate, allowing to use these 
models routinely in a clinical setting for planning purposes. 
This approach has some technical limitations that can be 
overcome with the development of hardware, especially 
difficult and time-consuming post-processing, which have 
led to discrepancies in volume of 3D printed liver models. 
Institutions utilizing novel, different techniques should 
validate them before clinical use. However, future studies 
should not focus on 3D printed models’ accuracy, but rather 
on the impact that these models can make on clinical care. 
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